28 29 (319) 335-1090 30 atulya-iyengar@uiowa.edu 31 32 33 Manuscript Information: 34 Number of Pages: 20,, Number of Figures: 5, Number of Tables: 1 Number of Supplemental   35  42 assistance. We thank other participants of the course for their assistance in data collection. AU 43 and AI were supported by the NIH grant AG051513 to Chun-Fang Wu. 44 45 46 12 ~0.3 mV) were induced by a series of 50 ms flashes, and were evident during the ERG on-13 transients. Both forms of oscillation were observed in other strains of D. melanogaster (Oregon-14 R, Berlin), additional Drosophila species (funerbris, euronotus, hydei, americana), and were 15 evoked by a variety of light sources. Both light-off and light-on oscillations were distinct from 16 previously described ERG oscillations in visual mutants, such as rosA, in terms of location 17
1. 36 37 38 1 Over an animal's lifespan, neuronal circuits and systems often decline in an inherently 2 heterogeneous fashion. To compare the age-dependent progression of changes in visual behavior 3 with alterations in retinal physiology, we examined phototaxis and electroretinograms (ERGs) in 4 a wild-type D. melanogaster strain (Canton-S) across their lifespan. In aged flies (beyond 50% 5 median lifespan), we found a marked decline in phototaxis, while motor coordination was less 6 disrupted, as indicated by relatively stronger negative geotaxis. These aged flies displayed 7 substantially reduced ERG transient amplitudes while the receptor potentials (RP) remained 8 largely intact. Using a repetitive light flash protocol, we serendipitously discovered two forms of 9 activity-dependent oscillation in the ERG waveforms of young flies: "light-off" and "light-on" 10 oscillations. After repeated 500 ms light flashes, light-off oscillations appeared during the ERG 11 off-transients (frequency: 50-120 Hz, amplitude: ~1 mV). Light-on oscillations (100-200 Hz,
The Drosophila electroretinogram (ERG) provides an accessible and incisive readout of 2 visual system function in a genetically tractable model organism (Pak, 1975; Stark & 3 Wasserman, 1974; Vilinsky & Johnson, 2012) . The complex waveform represents an 4 extracellular combination of electrical activities associated with phototransduction and synaptic 5 transmission. Prominent features of the ERG waveform include a sustained receptor potential 6 (RP), as well as light on-and light off-transients, with each feature corresponding to a distinct set 7 of underlying physiological processes. The RP component represents the sustained 8 depolarization in photoreceptor cells (Heisenberg, 1971; Alawi & Pak, 1971 ), while the 9 transients generally reflect synaptic potentials of the photoreceptor cells and their targets, large 10 monopolar neurons in the optic lamina (Heisenberg, 1971; Coombe, 1986) . Recent studies on 11 neurotransmitter re-uptake by adjacent glia have also implicated these cells in shaping the ERG 12 waveform (Rahman, et al., 2012; Chaturvedi, Reddig, & Li, 2014) . Thus, features of the 13 Drosophila ERG waveform serve as a report on the performance of photoreceptors, 2 nd order 14 neurons, and surrounding glia in initial visual information processing. 15 Mutant lines with defective ERG waveforms have provided significant insight into the 16 functions of a number of genes which encode components of 2 nd messenger systems, ion 17 channels, and synaptic transmission machinery (Pak, 1975; Pak, 2010) . Notable examples 18 include mutants of no receptor potential A (norpA), encoding Phospholipase C (Bloomquist et 19 al., 1988) ; and transient receptor potential (trp, Minke, Wu, & Pak, 1975) , encoding the 20 founding member of the Na + /Ca 2+ -permeable TRP superfamily of cation channels (Montell & 21 Rubin, 1989; Clapham, Runnels, & Strubing, 2001 phototactic response was due to a corresponding loss of motor coordination, we subjected the 12 same populations of flies to a negative geotaxis assay using the same countercurrent apparatus 13 (see Methods). Importantly, across ages displaying marked decline in phototaxis, the negative 14 geotaxis indices were consistently higher than corresponding phototaxis indices. This difference 15 was most prominent at 18 d for 29 °C-reared flies (1.4 vs 2.2, Figure 1A ) and at 30 d for 23 °C-16 reared flies (0.4 vs 2.0, Figure 1B ). Our findings suggests that age-related decline in phototaxis 17 precedes general loss of motor coordination, and may be due to alterations in visual system 18 function.
19
Age-related changes in ERG 20
To correlate the observed decline in visual system function with changes in retinal 21 physiology, we recorded ERGs from 29 °C-reared WT flies across their lifespan ( Figure 2 ). In 22 young flies responding to a 500 ms light flash, we observed robust receptor potentials (RP, ~10 23 9 mV) as well as on-transients (~2 mV) and off-transients (~ 5 mV, Figure 2A ). Across all ages 1 examined, we found the RP amplitude was largely maintained ( Figure 2B ). However, as flies 2 aged, we observed a substantial reduction in the amplitudes of on-and off-transients ( Figure 2A ). 3 Indeed, in most flies older than 15 d, the on-transients were undetectable (5/8 flies, Figure 2C ) 4 and the off-transients were less than 1 mV (7/8 flies, Figure 2D ) in amplitude. Notably, 5 additional light flashes did not evoke transients in older flies initially lacking transients. To 6 extend our analysis of age-related changes in ERG waveforms, we also recorded ERGs across 7 the lifespan of the longer-lived 23 °C-reared population (Supplemental Figure 1 ). Similar to the 8 observed trends in the 29 °C-reared population, we found that the receptor potential amplitude 9 was largely stable across the lifespan, and also noted a reduction in on-and off-transient The first form of oscillation appeared during ERG responses to 500-ms flashes. Although the 21 initial ERG waveforms generally appeared to be normal, successive waveforms often displayed a 22 distinctive oscillation during the off-transient ( Figure 3B ). These "light-off oscillations" had a 23 10 frequency between 70 and 110 Hz and an amplitude that appeared to grow upon successive 1 stimulations, suggesting an activity-dependent recruitment. Indeed, we found that these 2 oscillations were most obvious, up to 1 mV in amplitude, between the 8 th and 10 th light flash. Figure 3A ). During these short flashes full ERG 7 waveforms were not evoked; instead, only the on-transient and the initial portion of the RP were 8 observed ( Figure 3C ). Successively evoked on-transients sometimes displayed a high frequency 9 oscillation (between 100-200 Hz) immediately after the peak of the on-transient ( Figure 3C ). Given the frequent observation of both light off-and light on-oscillations in the WT 10 strain Canton-S, we wanted to determine whether these oscillations could be observed in other 11 Drosophila WT strains. We examined ERG waveforms of two other commonly used laboratory 12 D. melanogaster strains: Oregon-R and Berlin using the repetitive light flash protocol described 13 above. Importantly, we observed both light off-and light on-oscillations were in these strains, 14 and the frequencies of both types of oscillation were within the range seen in the Canton-S strain 15 ( 
Enhancement of light-off oscillations and suppression of light-on oscillations in the ERG
3 mutant rosA 4 Oscillations within ERG waveforms are a well-described phenotype of a number of 5 visual mutants (Kelly & Suzuki, 1974; Wu & Wong, 1977; Leung, Geng, & Pak., 2000) . Perhaps repolarization phase of the waveform, often lasting tens of milliseconds ( Figure 4A-B) . Within 20 the same individual, the frequency of the light-off oscillations was lower than corresponding RP 21 oscillation frequency ( Figure 4B ). Compared to WT counterparts, the light-off oscillations in 22 rosA were significantly larger in amplitude (~3 mV vs < 1 mV) and generally had a lower 23 13 oscillation frequency (~50 Hz, Figure 4B ). In contrast to the enhanced light-off oscillations in 1 rosA, we found that the 50 ms light flash protocols could not recruit light-on oscillations in rosA. Our study compares the progression of age-related changes in phototactic behavior with 2 changes in the Drosophila ERG waveform. We observed an age-related decline in phototaxis 3 during which negative geotaxis within the same population was consistently stronger (Figure 1) . 4 The relative strength of negative geotaxis suggests that the decline in phototaxis may be due to 5 disruption of requisite sensory inputs rather than motor system function. Indeed, previous 6 findings using different methodologies have shown a similar decline in phototaxis which 7 precedes a loss of motor coordination in aging flies (Leffelaar & Grigliatti, 1983; Arking & 8 Wells, 1990) . Interestingly, we noted that the decline in phototaxis was paralleled with the age-9 related decrease of on-and off-transients in ERG waveforms (Figure 2) . On-and off-transients 10 serve to indicate integrity of synaptic transmission between photoreceptors and 2 nd order targets 11 (Coombe, 1986) , and disruption of transients leads to distinct phototaxis deficits (Pak, 1975) . 12 These results suggest that the loss of ERG transients may contribute to the observed loss of 13 phototaxis. Among the 23 °C-reared WT population aged beyond 40 d, we found that flies with a 14 phototaxis score of '3' had larger average off-transient amplitudes than those with a score of '0'. 15 However, a limited sample size of old flies displaying good phototaxis precluded robust 16 statistical analysis, and we identified a few individuals with a 'poor' phototaxis score which 17 displayed robust transients. Further study, perhaps utilizing a behavioral assay sensitive to 18 individuals such as the opto-motor response in a tethered flight simulator (Götz, 1968; Götz, 19 Hengstenberg, & Biesinger, 1979) may more directly correlate the loss of transients with visually 20 mediated behaviors within individual aged flies. 21 Notably, a loss of ERG transients coupled with a decline in visually mediated behaviors 22 is a phenotype associated with a number of neurodegeneration mutants (e.g. optomotor blind, 23 1 Heisenberg, & Benzer, 1997) which also display clear disruptions in photoreceptor or laminar 2 structure (Pflugfelder et al., 1990; Pflugfelder et al., 1992; Kretzschmar, et al., 1997; 3 Kretzschmar 2009). It is possible that similar structural defects in photoreceptor, laminar and/or 4 surrounding glial cells may contribute the observed decline in transients in aged flies. (Hughes & Cayaffa, 1977; Landholt & Borbely, 2001) . 12 Our repetitive light flash protocol ( Figure 3A) was inspired by previous studies that used 13 repetitive stimulation to uncover age-and activity-dependent alterations in synaptic physiology 14 including the crayfish NMJ (Govind, 1992; Atwood, 1992) , along the Drosophila giant fiber 15 jump and flight escape circuit (Martinez et al., 2007; Ruan, 2008) and motor circuits recruited 16 during seizure discharges (A.I., unpublished observations). Significantly, the repetitive light 17 flash protocol resulted in our discovery of two novel ERG oscillations in WT flies ( Figure 3B ). as well as surrounding glial cells (Heisenberg, 1971; Coombe, 1986; Xiong & Montell, 1995) . 15 The different stimulus recruitment protocols and oscillation frequencies of light-on and light-off , 172, 1055-1057. 3 Arking, R., & Wells, R. (1990) . Genetic alteration of normal aging processes is responsible for 4 extended longevity in Drosophila. Genesis, 11, [141] [142] [143] [144] [145] [146] [147] [148] Atwood, H. (1992) . Age-dependent alterations of synaptic performance and plasticity in 6 crustacean motor systems. Exp. Geronotol., 27, [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] Benzer, S. (1967) . Behavioral mutants of Drosophila isolated by countercurrent distribution. 8 Proc. Natl. Acad. Sci. USA, 58, 1112 -1119 Bloomquist, B., Shortridge, R., Schneuwly, S., Perdew, M., Montell, C., Steller, H., . . . Pak, W. Cell, 54, [723] [724] [725] [726] [727] [728] [729] [730] [731] [732] [733] Burg, M., Geng, C., Guan, Y., Koliantz, G., & Pak, W. (1996) . 
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